Allometric relationships of brain and body size in the mammalian order Carnivora have been studied with respect to the pattern and timing of brain-size evolution and aspects of life history, adaptation, and ecology. Analyses of character evolution are aided by inclusion of relevant fossil data; however, endocranial volumes for fossil taxa have been limited to a few cases of extraordinary preservation, reducing the power of analyses. A method for estimating the volume of the brain from external braincase measurements of extant carnivorans is developed here. Multiple linear regression, combined with Akaike information criterion-based model averaging, was employed to predict endocranial volume from 3 external skull measures for 825 museum specimens of 126 extant terrestrial taxa spanning the Carnivora. The AIC-averaged model accurately predicted endocranial volumes for carnivoran taxa (R 2 ¼ 0.983), and the results were robust to potential sampling problems. Moreover, the model did not reflect phylogenetic autocorrelation, nor did it represent an induced correlation due to a general body-size scaling. Rather, the averaged model was an accurate predictor of brain volume that should be easily extendable to the carnivoran fossil record, and additionally can be generalized to construct similar models for a broad range of mammalian clades. This in turn will allow comparative studies within and among distantly related mammalian lineages and reconstructions of brain volumes for a diverse array of fossil taxa.
Brain-body-size allometries in the order Carnivora have received considerable attention with respect to both the pattern and timing of brain-size evolution (Jerison 1970 (Jerison , 1973 Radinsky 1977 Radinsky , 1978 and to the relationships between relative brain size and aspects of life history, adaptation, and ecology (Dunbar and Bever 1998; Gittleman 1986a Gittleman , 1994 Iwaniuk et al. 1999 Iwaniuk et al. , 2000 . Reconstructions of ancestral characters tend to become less accurate near the root of a phylogeny, as the branch length between the estimated node and observed character state becomes greater, even when the phylogeny is known to be correct (Oakley and Cunningham 2000) . However, incorporating data from fossil taxa into analyses both increases the density of taxon sampling and decreases branch length to the estimated node and has been shown to improve estimates of ancestral conditions even in the presence of evolutionary trends (Finarelli and Flynn 2006) . Given this, it follows that sampling fossil taxa will significantly affect the ability to test hypotheses of the relative brain-size evolution.
Unfortunately, estimates of endocranial volume for fossil taxa have historically been restricted to a limited number of specimens with exceptional preservation. To cope with this problem, a reliable method for estimating endocranial volume using a series of simple external measurements of the cranium is developed here. This method has the potential to rapidly increase the number of estimated brain sizes for individual specimens of extant taxa and enhance the ability to test hypotheses of brain-size evolution both within the Carnivora and more generally across extant mammalian clades.
Background.-A strong allometric correlation exists between adult body size and brain weight or volume in mammals (Jerison 1970 (Jerison , 1973 Martin 1981 Martin , 1996 Pagel and Harvey 1989; Radinsky 1967) , although differences are observed among taxonomic groups (Jerison 1973; Martin 1981) or hierarchical levels (Kruska 2005; Pagel and Harvey 1988a) . Jerison (1961 Jerison ( , 1973 proposed a geometric argument to relate brain volume to body size, whereas Martin (1981) proposed that maternal metabolic rate, itself also strongly correlated with body size (McNab 1988; McNab and Eisenberg 1989) , places an upper limit on neonate brain size, imparting the observed adult scaling. Pagel and Harvey (1988b) found brain size to be more closely related to life-history traits (e.g., gestation length) than to body size, although those traits are themselves highly correlated with body size (Gittleman 1993 (Gittleman , 1986b Gittleman and Harvey 1982) . In addition, it is also often hypothesized, even assumed, that increased relative brain size represents increased gross intelligence (Jerison 1970 (Jerison , 1973 see Kruska 2005) .
Recent phylogenetic analyses of the Carnivora have resolved many of the relationships among the major family-level clades that comprise this group (Flynn et al. 2000 Flynn and Nedbal 1998; Gaubert and Veron 2003; Koepfli and Wayne 2003; Arnason 1996a, 1996b; Veron et al. 2004; Wesley-Hunt and Flynn 2005; Wyss and Flynn 1993; Yoder et al. 2003; Yu et al. 2004 ). Finarelli and Flynn (2006) used this improved resolution within the suborder Caniformia to show that at least 4 terrestrial caniform clades (Ursidae, Amphicyonidae, Borophaginae, and Hesperocyoninae) acquired large body sizes in parallel, whereas 1 clade, the Musteloidea, decreased in body size. An increased understanding of caniform body-size evolution should aid in the understanding of relative brain-size evolution in this clade. Unfortunately, rigorous testing of hypotheses of brain-size evolution has been hindered by a paucity of data. In living taxa, it is difficult and can be potentially damaging to delicate internal structures to obtain direct endocranial volume measurements with latex, beads, or other measurement techniques. Brain volumes for most fossil taxa cannot be obtained through direct measurement (Vaisnys et al. 1984) and are often restricted to the limited number of specimens with exceptional preservation, where endocasts have been recovered (Jerison 1970 (Jerison , 1973 Radinsky 1977 Radinsky , 1978 Radinsky , 1980 . More recently, advances in computed tomography scanning have made it possible to construct ''virtual'' endocasts (e.g., Clark et al. 2002; Falk et al. 2005; Kay et al. 2004) . In principle, this should increase the available number of brain-size estimates for both extant and fossil taxa, although in practice this method is limited in being both time consuming and expensive. Estimating brain size from external skull measurements has been explored in the primatological literature (Elton et al. 2001; Martin 1990; Vaisnys et al. 1984; Walker et al. 1983) . Martin (1990) shows very high correlations between observed endocranial volume and 3 external skull measures (braincase length, width, and height) and volumes calculated from these measures. Elton et al. (2001) expand upon this, successfully estimating brain volumes for fossil members of the baboon genus Theropithecus using multiple linear regression of these measures across cercopithecoid primates. Such methods offer a promising way to efficiently increase the sample of taxa (both fossil and extant) with brain-size estimates, because these methods do not require extraordinary preservation of the skull or access to special resources or equipment. In turn, an increased sample size of taxa with brain-size data will allow for more explicit testing of various hypotheses such as evolutionary trends, concerted evolution, and phylogenetic constraints in brain-body allometries.
MATERIALS AND METHODS
External skull measurements.-Measurements of external braincase length, width, and height were obtained from 825 adult specimens in the mammal collections (Department of Zoology) at The Field Museum, Chicago, Illinois. These specimens represent 126 species from all of the major extant terrestrial family-level clades of the mammalian order Carnivora (Fig. 1) . The measurements in this study span the external dimensions of the neurocranium along 3 approximately orthogonal axes. They correspond closely to measurements used previously to estimate cranial capacity in primates (e.g., Elton et al. 2001; Martin 1990 ) and are consistent with 3 cranial measurements employed by Young (1959) to define endocranial dimensions. Welldefined measurements are repeatable, despite not being strictly landmark based, and are closely associated with the true dimensions of the brain and therefore are likely to be able to accurately predict brain volumes outside of the effects of body-size scaling.
In the present study braincase length was measured from the midline of the nasal-frontal suture to the furthest point of the occipital bone, excluding any processes of the sagittal crest when present. The nasal-frontal suture was chosen to approximate neurocranial length, by using the margin where the bones of the braincase meet the bones of the face (Young 1959:386, measurement 9) , and corresponds closely to the landmark used by Martin (1990) . In actuality, the anterior margin of the brain lies somewhat posterior to this point, although it is possible that the length of the endocranial cavity would still be correlated to this measure (see below). Braincase width was measured as the widest point of braincase across the parietal and squamosal bones (Young 1959:386, measurement 8) . Braincase height was measured as the greatest height of the cranium perpendicular to the plane of the basioccipitaland basisphenoid bones (Young 1959 :386, analogous to measurement 18), excluding the sagittal crest Flynn et al. (2005) . The present analysis estimates endocranial volumes for 126 extant species representing each of the terrestrial carnivoran clades (i.e., not Pinnipedia).
(when present). Together these measurements define a rectangular solid roughly bounding the outside of the neurocranium. The 3 measurements are illustrated in Fig. 2 . All measurements were made with calipers and recorded in millimeters. Each measurement was repeated 3 times per specimen and the average was used in analyses.
Large data sets of endocranial volumes exist for many species of mammals, including the Carnivora. These data offer the opportunity to efficiently create models relating endocranial volumes to external skull metrics. Data on brain volume were taken from Gittleman (1986a Gittleman ( , 1986b . These consist of endocranial volumes in cubic centimeters, measured by decanting 2-mm glass beads from the braincase of cleaned museum specimens. A summary of ranges and median values for observed endocranial volumes and body sizes are given for each of the major carnivoran clades in Table 1 . The data for endocranial volume are species averages across both males and females, and therefore skull measurements were performed on both male and female specimens, whenever both were available.
In this study, external measurements were taken on skull specimens that are different than those from which endocranial volumes were measured. Comparing individual endocranial volumes to external measurements may provide more precise individual estimators of brain volume; however, it is time consuming, expensive, and potentially damaging to specimens to take endocranial volumes for all specimens to compare with external measurements. In addition, the focus of this study is to assess allometries of brain volume and external skull measurements for species across lineages of carnivorans. Thus, these volume estimates necessarily exclude several interesting aspects of intraspecies variation best modeled with individual estimates. Such a data set would be necessary to resolve certain questions (e.g., sexual dimorphism or among-population differences), although analyses concerning evolutionary changes across lineages or through geologic time are most appropriately modeled by comparing interspecific allometries using species averages. Such approaches will often be necessary for investigations involving fossil taxa, where betweenpopulation variance and the sex of individual specimens are frequently unknown or unknowable. A similar approach was adopted by Gittleman (1986a Gittleman ( , 1986b , whereby the analyses of brain-bodysize allometries do not relate the brain volumes to body masses on a per specimen basis. Rather, average species endocranial volume was compared to adult body mass obtained from the literature , because most museum specimens do not have associated body mass data. This approach is valid when the goal of the study is to assess lineage-scale patterns of character evolution or allometries, such as the relationships between relative brain size and life-history traits.
Model fitting.-Multiple linear regression was employed to create an allometric relationship between the external skull measures and brain volume. Because differences between the predictor variables and true volumes will differ in absolute magnitude as the size of the organism increases, a general allometric model was adopted:
The summation in equation 1 denotes a linear combination of slope parameters (b j ) multiplied by the corresponding log-transformed skull measures. The inclusion of a particular measurement variable depended on the specific model under consideration. Seven models were evaluated, 3 with each skull measure considered alone, 3 for each possible combination of 2 skull measures, and a final model including all 3 skull measures. Model fit was assessed with the Akaike information criterion (AIC- Akaike 1973 Akaike , 1974 . This relates the likelihood fit of a model, given the data, to other hypothesized models, incorporating a penalty for models that may fit the data slightly better but achieve this through greater parameterization. Because of sample size considerations the 2nd-order AIC (AIC c ), incorporating a bias correction factor, is used (Burnham and Anderson 2002; Hurvich and Tsai 1989) :
(Burnham and Anderson 2002).
In equations 2 and 3, n is sample size, lnL is the log-likelihood of the parameter estimates given the data and model, and K is the number of estimated parameters for that model. The number of estimated parameters in a linear regression is the number of independent variables (1 slope parameter for each variable), plus 2 (1 parameter each for the intercept and the variance). ESS is the error, or residual, sum of squares Anderson 2002, 2004) .
The absolute magnitude of the AIC c score is dependent on the model and data set and is sensitive to sample size (Burnham and Anderson 2002) . However, by equation 2, AIC c is also proportional to the log-likelihood of a model given the data and parameter estimates, and therefore the relative fit of 2 models is given by the difference in AIC c between them. D i is difference between the AIC c score for 
The value e ÀDi / 2 is proportional to the likelihood of model i Anderson 2002, 2004) . Therefore, w i is a proportional likelihood, providing the relative support for a model among a set of candidate models, given the data. To create an averaged model, parameter estimates (slopes and intercepts) for each model are weighted by the model w i and summed. Models fitting the data well will have w i values closer to 1 and will contribute highly to the averaged model. Models fitting the data poorly will have w i s closer to 0 and will have negligible impact on the averaged model. If the distribution of likelihoods around the parameters of the optimal model is symmetrical, then parameter estimates for the averaged model will converge on those of the optimal model. If the distribution of model likelihoods is not symmetrical, then the average model will deviate from the optimal model in the direction where alternative parameter values receive higher weights.
RESULTS
Multiple linear regression and model averaging.-Linear regression models were fit to the external linear skull measures relative to brain volumes for extant caniform taxa. Table 2 summarizes intercept and slope coefficients of the 7 regression models, and Table 3 summarizes the model statistics for the full data set. Coefficients of determination (R 2 ) are high (.0.92) for all of the candidate models, indicating all of the single-variable and combined measure models do a good job of explaining variation in brain size. These high values for R 2 in the Carnivora agree with similarly high values for the correlation coefficient (r) reported by Martin (1990) Fig. 1 . Body masses in kilograms are from Smith et al. (2003) , and endocranial volumes in milliliters are from Gittleman (1986a Gittleman ( , 1986b Anderson 2002, 2004) . Multiplying the slope and intercept parameters (Table 2) by w i for each model (Table 3 ) and summing across the 7 models, produced the weighted average model:
lnðbrain volumeÞ ¼ À6:23 þ 1:06 lnðHÞ þ 0:28 lnðLÞ þ 1:27 lnðWÞ;
where H is height, L is length, and W is width. Comparing the fit of the averaged model predictions of brain size to observed volumes for each taxon (Fig. 3) demonstrates that the averaged model fits the observed brain-volume data extremely well (R 2 ¼ 0.983), and the averaged model accurately reconstructs brain volume across the Carnivora. Observed brain volumes obtained from the literature and model-estimated brain volumes are tabulated by taxon in Appendix I.
Potential issues with poorly sampled taxa.-Although the data set comparing brain volumes to external skull measurements was large (825 specimens distributed over 126 taxa), by the nature of museum collections several taxa were represented by restricted numbers of measurable specimens. Therefore, there is a large variation in sample size among species (Appendix I). Because species means of the 3 cranial metrics were regressed against species mean brain volumes, to be certain that poorly sampled taxa did not unduly influence the averaged model, all taxa not represented by at least 3 specimens were eliminated from the data set and the analysis repeated. The reduced data set represented 110 species with 804 total specimens.
Regression models for the reduced data set (Table 4 ) produced strikingly similar results to those of the entire data set (Table 3) . Moreover, when model averaging was employed on the reduced data set, it produced a nearly identical allometric equation: lnðbrain volumeÞ ¼ À6:30 þ 1:05 lnðHÞ þ 0:27 lnðLÞ þ 1:30 lnðWÞ:
Individual taxon estimates of endocranial volume derived from equation 6 differ from those derived from equation 5 by an average of roughly 2% of true endocranial volume. Given that the result upon eliminating the most poorly sampled taxa from the data set was not appreciably different from the analysis based on all available data, the model for the full data set (equation 5) is considered for the remainder of the analysis.
DISCUSSION
Potential autocorrelation due to phylogeny.-The averaged model for the 3 craniometric variables accurately predicts brain volume (Fig. 3) . However, when assessing interspecific allometries across large taxonomic groups (such as an entire mammalian order representing tens of millions of years of evolutionary history) it is possible that the regression will actually connect the central tendencies of subclades, which, if considered individually, exhibit no correlation among the variables (Pagel and Harvey 1988a) . This phenomenon forms the conceptual foundation of the method of independent contrasts (Felsenstein 1985) . The worst-case scenario for this study would be if no significant correlations exist between brain volume and the averaged model when the Caniformia and Feliformia, or even the family-level clades in Fig. 1 , are considered separately.
Plots of model-predicted endocranial volumes against observed volumes by subclade reveal no clade-specific deviations from the averaged model of brain volume. Both the Caniformia and Feliformia (Fig. 3) and the family-level clades within the suborders of the phylogeny of Flynn et al. (2005; Fig. 4) demonstrate that the subclades conform to the prediction line: y ¼ x, defined by the averaged model for the entire Carnivora data set (equation 5). Thus, a single allometry defines the relationship between the external measures of the braincase and the endocranial volume for extant terrestrial carnivorans.
Potential autocorrelation due to body size.-It was noted that each of the single-measure models possessed high R 2 values, indicating each was a good predictor of brain volume for extant carnivoran taxa. However, it seems improbable that a 1-dimensional measure could predict brain volume across an entire mammalian order with any degree of accuracy. In reality, this is an allometric scaling across 4 orders of magnitude of body size (Smith et al. 2003) . The magnitude of the external measures on a grizzly bear skull are all vastly larger than the corresponding measures on the skull of a mink, and the high correlations reflect the tendency for skulls with bear-sized external measures to contain bear-sized brains.
This observation underscores a potentially more serious problem: the well-documented correlation between brain volume and body size in mammals (Gittleman 1986a (Gittleman , 1986b Jerison 1970 Jerison , 1973 Martin 1981; Radinsky 1967 Radinsky , 1978 . It is possible that the correlations between endocranial volume and each of the 7 models reflect their mutual correlations with body size with no direct causal connection. Brain volumes and body masses (Finarelli and Flynn 2006) are highly correlated (R 2 ¼ 0.910; Table 5 ) for the taxa sampled in this study. To ensure that the correlation between the averaged model and brain volume is not the result of change in body size, partial coefficients of determination (partial R 2 ) were calculated for each of the 3 single linear measurement variables and the weighted average model (equation 5), 1st removing the effect of body size, and 2nd removing the effect of brain size (Harvey and Clutton-Brock 1985; Sokal and Rohlf 1995) . Conceptually, this is similar to a path analysis seeking to identify the individual contributions of brain size and body size to the model variables while statistically controlling for the confounding variable.
Upon removing the effect of body size, each of the singlemeasurement models decreased in the degree of correlation with brain size, although the correlation for each remains highly significant (Table 5) . A drop in the correlation between brain size and the linear metrics is expected, because any linear measurement made on a skull should correlate with body size. The partial R 2 value for the averaged model shows that approximately 82% of the variance in brain size is still explained when the contribution of body size removed (Table 5 ). In contrast, only 11% of the observed variance is explained by body size when the effect of brain size is removed. Thus, the   FIG. 4. -Plot of ln-transformed volumes derived from the averaged model for family-level clades depicted in Fig. 1 against ln-transformed measured endocranial volumes. For clarity, family-level clades are plotted separately for A) Caniformia and B) Feliformia. As in Fig. 3 , the dashed line represents the equation y ¼ x, which is the predicted relationship of averaged model (equation 5) to data. Family-level clades for both suborders conform to the prediction line, indicating that phylogenetic autocorrelation is not a problem for this data set. averaged model is closely associated with endocranial volume, and although a degree of association exists between body size and the averaged model, the external measures act as accurate predictors of brain volume outside of body-size scaling. Potential problems in the estimation of volume from braincase length.-Significant correlations were recovered between all of the individual linear metrics and brain volume, even after controlling for body size. However, results indicate that braincase length is the least informative of the 3 individual measures for predicting endocranial volume. Not only does braincase length have the lowest correlation with observed brain volume in the raw data, it shows the most dramatic reduction in partial correlation with brain size when the effect of body size is removed, and the largest partial correlation with body size after removing the effect of brain size (Table 5) . Additionally, both the D i and w i values for model 2 (length only) are substantially worse than the other single-measurement models, and models 5 and 6 (the 2 paired-measurement models incorporating length) have a much worse fit to the data than does model 4, which incorporates only height and width (Burnham and Anderson 2002;  Table 3 ).
These observations make sense insofar as the width and height measurements were closely associated with their respective dimensions of the brain, whereas length was not directly associated with the anteroposterior extent of the brain. Rather, length was measured relative to a suture that only approximates the border between bones of the braincase and face. This landmark was chosen to facilitate standardization of the length measure across taxa, because the anterior endpoint is easily identifiable and homologous across the taxa in the study. Despite the fact that the true anterior extent of the brain is posterior to this point, if the positional relationship between the anterior edge of the endocranial cavity and this landmark were to remain approximately constant, proportionally, across the Carnivora, then a correlation between brain volume and length could easily be achieved; it would simply be scaled to account for the ''extra'' length anterior to the brain. To a 1st approximation, this actually is the case; even though the partial R 2 for length removing body size shows a marked decrease, it is still highly significantly correlated with brain volume (r ¼ 0.590 , n ¼ 126 , P , 0.0001).
Several sources of error contribute to the lower fit between braincase length and brain volume. The extent to which the nasals invade the frontal bones on the exterior of the skull moves the landmark posteriorly and varies across carnivoran taxa. In addition, the anterior extent of the brain on the interior of the skull is heavily influenced by the proportional size of the frontal sinuses, a feature that is highly variable across taxa. The length measurement in this study encompasses aspects of the development of both the braincase and face (Baer and Harris 1969) . All of these factors alter the precise relationship between this landmark and the true anterior margin of the brain, adding noise to the correlation. Martin (1990) reported correlation coefficients (although not partial correlations corrected for body size) for each of the 3 linear measures for primate taxa. In contrast to what is observed in the carnivoran data set, there were essentially no differences among the rvalues for the 3 measures (0.99, 0.98, and 0.98 for width, height, and length, respectively-Martin 1990). Elton et al. (2001) also found nearly identical adjusted R 2 -values (again, not corrected for body size) for their width, height, and length measurements (0.91, 0.91, and 0.90, respectively) . Therefore, it appears that braincase length in extant primates is not a substantially worse predictor of endocranial volume than the other metrics. This is likely due to the expansion of the frontal lobe of the cerebral hemisphere (Martin 1990) , which more closely associates the anterior margin of the brain with the suture of the frontal and nasal bones on the outside of the skull in extant primates.
These differences in the architecture of the primate and carnivoran braincase underscore the importance of incorporating length in brain-size estimation for carnivores, as opposed to a posteriori exclusion of these data. Using the model-averaging approach, if 1 variable is completely uncorrelated with brain volume, its impact on the averaged model will be negated through an extremely low weight. Note that the length-only model was down-weighted by a factor of 10 À40 relative to the AIC c ''best'' model (Table 3) , even though braincase length is significantly correlated with brain volume. This is because Akaike weights are based upon the calculation of D i , which measures not just correlation of a model to the data, but the relative ability of that model compared to other candidate models in minimizing unexplained variance. In the present analysis of the Carnivora, the relative ability of braincase length to do so is weak.
However, if the pattern and timing of evolution of brain and body size across diverse mammalian clades are of interest (e.g., Jerison 1970 Jerison , 1973 Radinsky 1978) , then estimation of brain volumes will be necessary, and a comparable set of measurements that can be used across clades will be beneficial. Indeed, differences in the regression parameters and the relative importance of the variables describing the relationships of braincase length, width, and height to endocranial volume have the potential to illuminate fundamental differences in the architecture of the skull across distantly related taxa, providing a common method for assessing evolutionary trajectories of brain size and potentially to diagnose convergences or common responses within and among mammalian lineages. This, in turn, should allow for hypotheses of functional versus phylogenetic control of these factors to be assessed both within and among mammalian groups.
CONCLUSIONS
The model-averaging technique employed here accurately estimates endocranial volume for extant terrestrial carnivoran taxa from 3 external linear measurements of the skull: nasalfrontal suture to occipital length, perpendicular height from the basioccipital and basisphenoid bones, and greatest breadth across the squamosal and parietal bones. Model-predicted volumes were highly correlated with endocranial volumes even after accounting for potentially confounding correlation due solely to body-size scaling. Importantly, this model is valid for terrestrial taxa across the extant Carnivora, providing a single estimation model applicable to the entire clade. Additionally, expanding the sample size of fossil carnivoran taxa with reliable brain-size estimates should be straightforward in the future using this method, because these measurements do not require extraordinary preservation of fossil material.
Moreover, the enlarged brains of most mammals likely affect the external skull morphology sufficiently to permit accurate estimation of brain size. These measurements can be taken on most mammalian skulls, which should allow this method to be extended to most mammalian clades. Evaluating regression models using AIC c allows for the relative fit of the data to the set of candidate models to be evaluated. The model-averaging technique employed here allows those models with nearly equivalent, strong support to contribute to the final prediction model, while minimizing the input of poorly constrained models. A generalization of the approach presented here also can be used to address hypotheses of functional, developmental, and phylogenetic contributions to brain and skull architecture; to increase fossil brain-size estimates across mammalian clades; and to answer important macroevolutionary questions concerning pattern, timing, and process of brain-size evolution both within and among mammalian clades.
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APPENDIX I
Endocranial volume for 126 terrestrial carnivore species examined, shown as volumes measured directly by Gittleman (1986a Gittleman ( , 1986b 
